We report the first microbiological characterization of a terrestrial methane seep in a cryoenvironment in the form of an Arctic hypersaline (B24% salinity), subzero (À5 1C), perennial spring, arising through thick permafrost in an area with an average annual air temperature of À15 1C. Bacterial and archaeal 16S rRNA gene clone libraries indicated a relatively low diversity of phylotypes within the spring sediment (Shannon index values of 1.65 and 1.39, respectively). Bacterial phylotypes were related to microorganisms such as Loktanella, Gillisia, Halomonas and Marinobacter spp. previously recovered from cold, saline habitats. A proportion of the bacterial phylotypes were cultured, including Marinobacter and Halomonas, with all isolates capable of growth at the in situ temperature (À5 1C). Archaeal phylotypes were related to signatures from hypersaline deep-sea methane-seep sediments and were dominated by the anaerobic methane group 1a (ANME-1a) clade of anaerobic methane oxidizing archaea. CARD-FISH analyses indicated that cells within the spring sediment consisted of B84.0% bacterial and 3.8% archaeal cells with ANME-1 cells accounting for most of the archaeal cells. The major gas discharging from the spring was methane (B50%) with the low CH 4 /C 2 þ ratio and hydrogen and carbon isotope signatures consistent with a thermogenic origin of the methane. Overall, this hypersaline, subzero environment supports a viable microbial community capable of activity at in situ temperature and where methane may behave as an energy and carbon source for sustaining anaerobic oxidation of methane-based microbial metabolism. This site also provides a model of how a methane seep can form in a cryoenvironment as well as a mechanism for the hypothesized Martian methane plumes.
Introduction
Cold saline groundwater springs discharge at several locations on Axel Heiberg Island (AHI) in the Canadian High Arctic and are linked to subpermafrost groundwater flow through carboniferous evaporites in areas of diapiric uplift (Pollard et al., 1999; Andersen et al., 2002) . These springs are among the only known cold springs in thick permafrost on Earth (Andersen et al., 2002) and the geomorphology, chemistry, thermal environment and microbiology of two sets of moderately cold, saline springs (Gypsum Hill (GH), Colour Peak (CP)) located at Expedition Fiord on AHI have been extensively studied (Pollard et al., 1999; Andersen et al., 2002; Perreault et al., 2007 Perreault et al., , 2008 Niederberger et al., 2009) . These springs flow throughout the entire year with constant discharge temperatures ranging from À0.5 to 6.9 1C, and discharge waters that are moderately saline (7.5-15.8% salts), anoxic (mean oxido-reduction potential (ORP) of À325 mV), near-neutral (pH 6.9-7.5), rich in both sulfate (2300-3724 mg l
À1
) and sulfide (25-100 p.p.m.) (Andersen et al., 2002; Perreault et al., 2007) .
An initial microbiological survey by Perreault et al. (2007) revealed that the majority of the 16S rRNA gene phylotypes detected within the sediment at the source of the springs were related to microorganisms involved in sulfur cycling with the major metabolic processes appearing to be the oxidation of reduced sulfur compounds. Further work identified culturable microbes from the spring sediments with autotrophic and sulfur-oxidation activities (Perreault et al., 2008) , and the small amounts of hydrocarbons in gases exsolving from these springs were compositionally and isotopically consistent with microbial methanogenesis and possible methanotrophy (Perreault et al., 2007) . Niederberger et al. (2009) characterized gray-colored microbial streamers that form during the winter months in the snow-covered regions of the GH spring runoff channels. Culture, molecular and microscopicbased analysis of the 16S rRNA gene indicated that the streamers were dominated by chemolithoautotrophic sulfur-oxidizing Thiomicrospira species that oxidized both sulfide and thiosulfate and fixed CO 2 under in situ conditions (Niederberger et al., 2009) . These collective studies indicate that the utilization and cycling of sulfur compounds may have a major role in the energy production and maintenance of microbial communities in the GH and CP spring environments (Perreault et al., 2007; Niederberger et al., 2009) . These cold saline springs are regarded as analogues to possible Martian liquid water habitats (Andersen et al., 2002) . For example, Mars Global Surveyor images recently detected new gully deposits, formed since 1999, providing exciting and compelling evidence that liquid water (possibly brines from the Martian subsurface) flowed on Mars during the past decade, under mean surface temperatures of À60 1C and extensive permafrost (Malin et al., 2006) ; evidence of other spring-like structures on Mars has also been recently reported (Allen and Oehler, 2008; Rossi et al., 2008) .
In 2004, a new spring was located on west central AHI called Lost Hammer (LH) spring, which differs from the other springs on the Island in several ways. It consists of a subzero (À5 1C) relatively hypersaline (24%) discharge situated in the middle of the valley floor unrelated to any other surface structure or topography and is characterized by a hollow coneshaped salt tufa structure. There is a continuous flow of gas exsolving from the center of the spring with the major gas emitted being methane. Sites characterized by high methane discharges and high salinities in cold temperature environments such as LH have not previously been described in terrestrial settings. Globally, such seeps are located at deep-sea marine sediments where methane hydrates, mud volcanoes and brine pools occur (Valentine and Reeburgh, 2000; Valentine, 2002; Zhang et al., 2003; Joye et al., 2004; Orcutt et al., 2005) . In this respect, LH also represents an important Mars analogue as to how a methane seep can exist within thick permafrost and provide a possible mechanism to the reported methane plumes on Mars. It was recently postulated by Mumma et al. (2009) that the 10 p.p.b. methane reported in the Mars atmosphere (Formisano et al., 2004) may originate from localized 'hot spots' or 'plumes' of methane arising from the frozen terrestrial Martian surface. The origin of these plumes is under extensive debate (Lefèvre and Forget, 2009 ) and could be attributable to either geological or biological sources, the latter including methanogenesis by microbial communities inhabiting the Martian subsurface. For example, terrestrial methanogens and associated evidence of in situ methanogenic activity have been detected in similar Earth analogue cryo-environments such as Greenland deep subsurface glacial ice cores (Tung et al., 2005; Rohde et al., 2008) and permafrost (Rivkina et al., 2007) . Laboratory microcosm analyses also indicate biological methane formation can occur at subzero temperatures in permafrost (Rivkina et al., 2007) . Hypersaline surface environments associated with flowing water may also have recently existed on Mars (McLennan et al., 2005; Osterloo et al., 2008) and methanogenesis is known to occur in terrestrial hypersaline environments (Oremland et al., 1982; Conrad et al., 1995; Bebout et al., 2004; Potter et al., 2009) , although these studies have been limited to unfrozen, temperate hypersaline sites.
Here we report the first microbiological and geochemical characterization of the only known terrestrial methane seep in a cryo-environment on Earth in the form of the hypersaline subzero spring, which arises through thick extensive permafrost in an area with an average annual air temperature of À15 1C and with air temperatures below À40 1C common during the winter months. This site provides a model of how a methane seep can form in a hypersaline cryo-environment and can support a viable microbial community where the methane itself may behave as an energy and carbon source for sustaining anaerobic oxidation of methane.
Materials and methods
Sample collection and geochemical analyses Sediment and spring samples for geochemical, DNA, microscopic and culturing analyses were collected aseptically into sterile polypropylene tubes (Fisher, Ottawa, ON, Canada) by an ethanol sterilized metal spatula and a sterile 60 ml syringe, respectively. Samples were subsequently kept frozen (oÀ5 1C) during transport to the laboratory. Multiple geochemical parameters including temperature, pH, dissolved oxygen, conductivity, salinity, total dissolved solids and ORP were measured using the YSI 556 Multi Probe System (YSI Incorporated, Yellow Springs, OH, USA). Hydrogen sulfide and dissolved oxygen concentrations were also measured by colorimetric assay, as per manufacturer's instructions (CHEMetrics, Calverton, VA, USA) (Perreault et al., 2007) . The major cations, anions and carbon content of LH sediment and spring water were determined by Maxxam Analytique Inc. (Lachine, Quebec, Canada).
Gas analyses
Gas samples were collected as in the work of Ward et al. (2004) and Perreault et al. (2008) . Lollar et al., 2007a) . The d 2 H analysis was performed on a continuous flow compoundspecific hydrogen isotope mass spectrometer that consists of an HP 6890 GC interfaced with a micropyrolysis furnace in line with a Finnigan MAT Delta þ -XL. Total error incorporating both accuracy and reproducibility is ±5% with respect to V-SMOW (Ward et al., 2004) .
DNA extraction
A DNA extraction protocol from Barrett et al. (2006) was used to extract DNA from 0.7 g of LH sediment. This extraction technique was not successful for extracting DNA from LH sediment collected in 2006. Therefore, a PowerMax DNA isolation kit (MO BIO Laboratories, Solana Beach, CA, USA) was used to extract DNA from B12 g of LH sediment according to the manufacturers' protocol. DNA was quantified using a NanoDrop ND-1000 spectrophotometer. Consistent archaeal amplicon signals were obtained using 5 ml of 1:10 diluted DNA for PCR as described below.
Whole-genome amplification Bacteria could not be detected from DNA extracts by standard PCR; therefore, environmental DNA from LH sediment was amplified using the Genomiphi kit according to manufacturer's instructions (GE Healthcare, Buckinghamshire, UK). All, tubes, pipettes, pipette tips, water and reaction buffers were UV treated for 30 min in a Class II Biological Safety Cabinet (Thermo Electro Corporation, Marletta, IL, USA). A total of 4 ml DNA from a 1:10 dilution in sterile UV-treated water was used as template. Both positive and negative (non-template control (NTC)) controls were undertaken according to manufacturer's instructions. To control some of the reported whole-genome amplification (WGA) shortcomings, we optimized WGA within an NTC reaction to a length of time whereby background amplification was not detectable by agarose gel electrophoresis. Polymerase extension times greater than 2.5 h resulted in DNA amplification product in NTC. Therefore, a 2 h extension time was used for WGA, which provided no detectable DNA amplification in NTC reactions. This reaction was also used for as a negative control template for any subsequent PCRs, thus ensuring that bacterial signatures were not obtained from NTC WGA.
Polymerase chain reaction
Partial-length bacterial 16S rRNA genes were PCR amplified using primer pair 27F (5 0 -AGAGTTTGAT CCTGGCTCAG-3 0 ) and 758R (5 0 -CTACCAGGGTATC TAATCC-3 0 ) as described by Steven et al. (2007a) . An extra negative control for bacterial PCR was also undertaken for the WGA consisting of a PCR using equal volume (as compared to the standard PCR) NTC WGA reaction as template. Archaeal PCRs were undertaken in 25 ml reaction volumes containing 1 Â PCR buffer, 0.2 mM of each dNTP, 3.5 mM MgCl 2 , 0.5 mM of each primer (109F, 5 0 -ACKGCTCAGTAA CACGT-3 0 and 934R, 5 0 -GTGCTCCCCCGCCAATTC CT-3 0 ) (Grosskopf et al., 1998), 6 .25 mg bovine serum albumin, 1 U of Taq polymerase and 2 ml of template DNA. Thermocycling conditions for archaeal PCR consisted of 94 1C 
Construction and analyses of 16S rRNA gene clone libraries
For each clone library, we combined and purified a total of three 16S rRNA PCR products using a QIAquick PCR purification kit (Qiagen Sciences, Germantown, MD, USA). A 2:1 and 4:1 molar ratio of insert to vector was used for bacterial and archaeal clone libraries, respectively. Construction of 16S rRNA gene clone libraries using the pGEM-T Easy vector system (Promega, Madison, WI, USA) and clone screening using amplified ribosomal DNA restriction analyses (ARDRA) was performed as described previously (Steven et al., 2007a) . Two representative clones from each operational taxonomic unit (based on ARDRA patterns) were sequenced verifying that similar ARDRA patterns did contain identical sequences. 16S rRNA sequences were manually edited and subjected to the CHIMER-A_CHECK program of the Ribosomal Database Project (RDP II; Cole et al., 2003) and suspected chimeras checked using the Pintail program (Ashelford et al., 2005) . Taxonomic affiliations were determined using the Classifier tool of the RDP II (Cole et al., 2007) . Sequences were also compared to the GenBank database using the BLASTn algorithm (Altschul et al., 1990) . The bacterial and archaeal sequences were deposited into the GenBank database as accession numbers GQ452781-GQ452795 and GQ452796-GQ452803, respectively. Sequences of each clone library were aligned using ClustalW software and neighbor-joining phylogenetic trees were produced with MacVector 7.0 software package (Oxford Molecular Ltd., Oxford, UK) using Jukes-Cantor modeling with 1000 bootstrap re-samplings. Sampling coverage of the 16S rRNA gene clone libraries was estimated using the method by Good (1953) , (1À(n/N)) Â 100, where n is defined as the number of clones represented as a single ARDRA pattern and N the total number of screened ARDRA patterns. Shannon diversity indices were calculated by the DOTUR software (Schloss and Handelsman, 2005) .
Microscopy
Sediment and water collected from LH were stained with dichlorotriazinyl aminofluorescein and filtered onto a 0.22 mm pore sized filter (Bloem, 1995) . The LIVE/DEAD BacLight viability stain (Molecular Probes Inc., Invitrogen, Eugene, OR, USA) was used as per manufacturer's instructions and the sample filtered onto a 0.22 mm pore sized filter and viewed as described below. CARD-FISH (catalyzed activated reporter deposition-fluorescent in situ hybridization) and counterstaining with DAPI (4 0 ,6-diamidino-2-phenylindole) was undertaken as described by Pernthaler and Pernthaler (2007) and Pernthaler et al. (2001) , using the probes EUB338 (Amann et al., 1990) , ARCH915 (Stahl and Amann, 1991) , ANME1-350 (Boetius et al., 2000) and a negative control probe (NON338) (Wallner et al., 1993) . All probes were constructed and purchased from Biomers, Ulm, Germany (www.biomers.net). All CARD-FISH analyses were undertaken as described previously (Pernthaler and Pernthaler, 2007) . In short, B0.5 g of LH sediment was fixed and prepared for CARD-FISH analyses in the field using a previously described formaldehyde-based method for sediment samples (Pernthaler et al., 2001 ) and transported to the laboratory at oÀ5 1C. The fixed sample was consequently filtered and attached onto polycarbonate filters (0.22 mm pore size) and stored at À20 1C until further analyses (Pernthaler and Pernthaler, 2007) . Cells attached to the filters were then permeabilized by lysozyme (1 h at 37 1C) and hybridization undertaken overnight at 35 1C with formamide concentrations of 20% for NON338, 40% for ANME1-350 and 55% for NON338, EUB338 and ARCH915. Catalyzed reporter deposition (tyramide labeled with fluorochrome FAM) was undertaken for 15 min at 46 1C. Proteinase K digestion and ultrasonication of the original fixed sediment was also trialed; however, this did not influence CARD-FISH cells counts (results not shown). Filters from all microscopy-based experiments were viewed using a fluorescent Nikon Eclipse E600 microscope (Nikon, Melville, NY, USA) with appropriate filter sets under a Â 100 objective. Duplicate sediment samples were analyzed for each sample year, with hybridized cells counted from 100 random fields. Counts are presented as averages from triplicate assays including standard deviations. yeast extract, 0.1 g l À1 cas-amino acids, 20% NaCl, pH 6.7); Difco R2A agar (Becton, Dickinson and Co., Mississauga, ON, Canada) supplemented with 10 and 20% NaCl; halophilic minimal medium as described by Rodriguez-Valera et al. (1980) , HM medium as described by Ventosa et al. (1982) , 'neutral' medium as suggested by Walsh D (personal communication); l À1 ; 5.1 g yeast extract, 1.02 g peptone, 1.02 g cas-amino acids, 160 g NaCl, 20.0 g MgCl 2 Á 6H 2 O, 23.3 g MgSO 4 Á 7H 2 O, 4.7 g KCl, 13.3 ml Tris-HCl (pH 7.5), 15 g agarose, 6 ml 5 M CaCl 2 ) supplemented with 100 mg ml À1 of penicillin-G, erythromycin and cycloheximide to target Archaea; 'alkaline' medium as suggested by Walsh D (personal communication); l À1 ; 1.0 g KH 2 PO 4 , 1.0 g KCl, 1.0 g NH 4 Cl, 0.24 g MgSO 4 Á 7H 2 O, 0.17 g CaSO 4 Á 2H 2 O, 1.0 ml H. volcanii trace elements (DSMZ) 5.0 g yeast extract, 5.0 g cas-amino acids, 15.0 g agarose 10 ml of 4.7 M Na 2 CO 3 , pH 6.5) supplemented with 100 mg ml À1 of penicillin-G, erythromycin, cycloheximide to target archaea; medium used by Alain et al. (2006) including 10 and 20% NaCl and headspace gases consisting of CH 4 (100%), H 2 /CO 2 (80:20%) and N 2 /CO 2 (80:20%) to enrich for microorganisms involved in sulfatedependent AOM. Partial 16S rRNA sequences were obtained from all isolates as described above and have been deposited in the NCBI database under the accession numbers GQ452804 to GQ452816. Maximum salt tolerances of the isolates were determined on isolation medium containing NaCl concentrations of 10, 15, 20 and 25% NaCl and growth tested at temperatures of À10, À5, 5 1C and room temperature. Identification of the isolates was undertaken using the RDP classifier algorithm (Cole et al., 2007) .
Microbial isolation and identification

Results
The LH site (79.076781N; 90.211451W) is characterized by a hollow cone-shaped salt tufa structure approximately 2 m high and 4 m in diameter (Figure 1a) formed by evaporative and freezing fractionation. During summer sampling expeditions (2005, 2006) , the dome could be entered (Figure 1b ) and contained dark sediment at the bottom overlaid by a shallow spring water layer. Gas was venting as bubbles through the sediment and spring water. During summer, discharge dissolves through the side of the LH tufa in a continuous stream, but during winter the outflow is blocked and water fills the interior of the tufa mound and overflows the side. During the winter sampling expeditions (2007, 2008) , the salt dome (Figure 1c ) was completely full with water ( Figure 1d ) with constant gas bubbling evident at the surface; however, due to the overlying water column, attempts to obtain sediment from LH were difficult and collected sediment consisted predominately of hydrohalite crystals. As a consequence, microbial-based analyses of the sediment for the winter expeditions (2007, 2008) were not undertaken due to the lack of sufficient quantities of sediment. The in situ parameters of LH sediment are listed in Table 1 À1 , respectively). Total carbon and organic carbon of the sediment was 0.48 and 0.45%, respectively.
Gas analyses
The major gas discharging from the center of LH is methane (B50%) (Table 2a ) with the CH 4 isotopic composition being invariant regardless of the year or season sampled (Tables 2b and c) . The low CH 4 /C 2 þ ratio and hydrogen and carbon isotope signatures (Tables 2b and c) are consistent with a thermogenic origin of the methane (Welhan, 1988; Whiticar, 1999 (Tables 2b  and c ). The uniformity of both the gas composition and isotope signatures over the sampling years also suggests these are primary signatures and not related to secondary processes such as degradation or oxidation. Similarly, the relationship between the carbon isotope signatures for methane, ethane and propane supports a thermogenic origin based on the trend of increasing isotopic enrichment (less negative d
13 C values) with increasing molecular weight. The very 2 H-depleted isotopic signature of the H 2 gas phase is typical of subsurface H 2 but does not pinpoint its origin (Sherwood Lollar et al., 2007b 
Microbial molecular-based analyses
Various difficulties were encountered when attempting to PCR amplify DNA extracted from LH sediment. DNA concentrations were both below detection level (o5 ng ml À1 ) and exhibited PCR inhibition. However, archaeal 16S rRNA genes were consistently amplified from DNA extracts diluted 1:10 with sterile water. Bacteria were not detected either by denaturing gradient gel elecrophoresis-PCR or by near full-length 16S rRNA gene PCR from DNA extracted from LH sediment collected in 2005 and 2006. The lack of bacterial detection was not due to PCR inhibition as LH DNA extracts spiked with both 20 and 100 ng DNA from a Marinobacter sp.
provided successful bacterial PCR amplicons. Although various PCR modifications were undertaken to detect bacterial 16S rRNA genes, bacterial signatures were detected only by PCR by the use of increased DNA template concentrations from WGA of LH DNA sediment extract. WGA has provided increased concentrations of DNA from molecularbased microbial ecological studies of samples with low biomass (Gonzalez et al., 2005) .
A total of 66 archaeal 16S rRNA gene clones and 61 bacterial clones were screened by ARDRA, providing a total of 7 unique phylotypes recovered for the archaeal and 9 for the bacterial clone libraries. Good's coverage of 98.48 and 95.08% and Shannon diversity index values of 1.39 and 1.65 were obtained for the archaeal and bacterial clone libraries (5% sequence distance cutoff), respectively, indicating a notably low diversity of microbes within the LH sediments. DNA-based denaturing gradient gel elecrophoresis analyses of soil taken from outside the LH tufa indicated that the detectable fraction of the LH microbial community was unique to the spring sediment when compared to the surrounding soils.
Archaeal sequences were related to signatures from hypersaline deep-sea methane-seep sediments (Figure 2a) , with the dominant phylotype (47%) related to the ANME-1a clade of AOM archaea ( Figure 3) ; intact ANME-1a cells were also confirmed in the LH sediments via ANME-1 specific CARD-FISH (Table 1) as described above. The closest relative of the ANME-1a phylotypes was archaeal clone TA1a6 (97-98%, 4661 bp) from marine methane-seep sediment (Hinrichs et al., 1999) . Minor members of the archaeal 16S rRNA gene library included clones similar to clone ABBA-25 (91%, 408 bp) from a deep anoxic hypersaline basin (van der Wielen et al., 2005) and to an uncultured archaeon 'KTK 4A' (93%, 4728 bp) obtained from a highly saline sediment in the Red Sea (Eder et al., 1999) . The remainder of the archaeal clones consisted of 8% of the sequences being very closely related (99% over 792 bp) to the Halorubrum genus and 1 clone (2% of the total clone bank) grouping within the Archaeoglobaceae family with the closest NCBI BLAST relative being a sequence obtained from methane hydrate marine sediment (Inagaki et al., 2006) . Bacterial 16S rRNA gene signatures indicated a bacterial community (Figure 2b ) dominated by members of the Bacteroidetes and also contained phylotypes such as Nostoc, Gillisia, Halomonas, Marinobacter and Loktanella (Figure 4 ) that were typically highly related to clones and/or isolates from terrestrial and marine environments of Antarctica and the Arctic, for example, Gillisia sp. Microbial culture-based analyses A number of enrichments using media with a variety of modifications were undertaken in an attempt to obtain pure cultures from LH. Generally, few of the culturing attempts provided any signs of microbial growth following a 1-year incubation period. In total 13 isolates were obtained as listed in Table 3 . All isolates were halotolerant bacteria (10-20% NaCl) and all isolates capable of growth at both room temperature and À5 1C. All cultures were isolated on aerobic media with the exception of isolate 13 that was isolated under anaerobic conditions (80% N 2 and 20% CO 2 ). For all isolates, the closest cultured relatives were also isolated from hypersaline and cold environments such as salt lakes, sediment of the Antarctic Ocean with isolates 1-4 and 5-6 most closely related to Bacillus and Halomonas spp., respectively, previously isolated from AHI GH spring indicating that similar cultivable communities within the springs of AHI. 16S rRNA gene sequence homologies between the Halomonas-and Marinobacter-related isolates and clones were not identical, suggesting that different species were represented in the clone libraries and culture collection. 16S rRNA gene sequence differences varied up to B2.4% (659 bp aligned sequence) and 6% (280 bp aligned sequence), respectively, for Halomonas and Marinobacter. Archaea were also targeted by the addition of antibiotics and cycloheximide (an eukaryotic protein synthesis inhibitor) to media; however, no archaeal isolates were obtained.
Discussion
The major gas exsolving from LH was methane (B50%) with the very small difference in d
13 C values between CO 2 and CH 4 (12.1-13.4%), indicating that the methane was not from microbial methanogenesis (Valentine, 2002) and also supported different origins for the thermogenic-derived hydrocarbons and the CO 2 gas in these samples. The Strand Fiord geology includes several cycles of coal formation including outcrops in the vicinity of the LH spring, which provided a potential source of methane gas. Although not observed, the deep permafrost could contain coal bed gas in clathrate form (that is, methane hydrates). There was also no direct evidence of microbial methane utilization based on changes in d 13 C CO 2 or the d 13 C CH 4 signatures, although this is not unusual given the large CH 4 and CO 2 pools (50 and 410% of the gas phase by volume). Attempts to identify methanotrophy in LH were made through changes in the d 13 C CO 2 or d 13 C CH 4 signatures; however, this approach is notoriously insensitive due to these mass balance issues and more recently developed approaches such as looking for 13 C-depleted archaeal lipids coupled with molecular microbiological approaches have proven more successful (Orphan et al., 2002; Alain et al., 2006) . Sites characterized by high methane discharges and high salinities in cold temperature environments such as LH have not previously been described in terrestrial settings. Globally, such seeps are located at deep-sea marine sediments where methane hydrates occur (Valentine and Reeburgh, 2000; Valentine, 2002) . Microbiological-based analyses of the LH sediment revealed a relatively low diversity (Shannon diversity index values of 1.65 and 1.39, respectively) of bacterial and archaeal 16S rRNA phylotypes as compared with clone libraries from similar cryo-environments, including high Arctic permafrost (2.2-3.6 and 2.3-2.4; bacteria and archaea, respectively) (Steven et al., 2008) , GH (3.17 and 2.12) and CP springs (2.16 and 2.77) of AHI (Perreault et al., 2007) and Antarctic soils (o3.32; bacteria) (Niederberger et al., 2008) . Although the LH community appeared to be dominated by bacteria from CARD-FISH analyses, bacterial signatures were only detected by PCR in LH samples by the use of increased DNA template concentrations from WGA. The lack of PCR-based bacterial detection was not due to PCR inhibition as LH DNA extracts spiked with both 20 and 100 ng of Marinobacter sp. DNA (isolate 7, Table 3 ) provided successful bacterial PCR products. Therefore, insufficient cell lysis or DNA recovery during the DNA extraction protocol may have led to these problems. Recovered bacterial phylotypes were related to organisms found in very cold and saline habitats, that is, Loktanella and Gillisia spp., isolated from microbial mats from Lake Fryxell, Antarctica (Van Trappen et al., 2004a, b) and microorganisms residing in Antarctic and Arctic Sea ice and water such as Gillisia (Bowman and Nichols, Brinkmeyer et al., 2003) . Interestingly, we were able to culture a proportion of the bacterial phylotypes detected by the DNA-based methods including Marinobacter and Halomonas with all isolates capable of growth at the in situ temperature (À5 1C) of LH and 8 of 13 isolates capable of growth at the high in situ salinity concentrations (20%). Although ANME-related microorganisms were not detected in the source pool sediment from other AHI springs, similarities do exist between the bacterial communities of LH to that of CP and GH, including the detection and isolation of Gillisia, Loktanella, Marinobacter, Halomonas and Cytophaga spp. (Perreault et al., 2007 (Perreault et al., , 2008 . The microbial communities of marine-based methane-seep sediments have been intensively studied due to the phenomenon of AOM undertaken by the ANME group of archaea, typically coupled with sulfate-reducing bacteria (SRB), in these environments (Hinrichs et al., 1999; Michaelis et al., 2002; Hallam et al., 2004; Knittel et al., 2005; Nauhaus et al., 2005; Lloyd et al., 2006) . AOM is a globally important biological process as it influences the emission of this potential greenhouse gas into the hydrosphere (Knittel et al., 2005) . Although the mechanisms of AOM metabolism are not fully understood, AOM is believed to occur through either reverse methanogenesis (Hallam et al., 2004; Caldwell et al., 2008) , a type of acetogenesis (Valentine and Reeburgh, 2000; Caldwell et al., 2008) or methylogenesis (Caldwell et al., 2008; Moran et al., 2008) . It has been shown that ANME cells (including ANME-1) form consortia with SRB cells to couple AOM with sulfate reduction (Valentine and Reeburgh, 2000; Orphan et al., 2002) and very recently it has been shown that AOM can also be coupled to denitrification (Raghoebarsing et al., 2006) or to the use of manganese and iron oxidants (Beal et al., 2009) . Alternatively, it has also been theorized that ANME cells may undertake AOM autonomously (Orphan et al., 2002; Strous and Jetten, 2004) as some ANME cells have been observed alone. The ANME have thus far proven to be recalcitrant to cultivation and are classified into three putative taxonomic clades, ANME-1, -2 and -3, based on 16S rRNA gene phylogenies and are restricted to anoxic, methane-rich, sulfatecontaining sediments (Knittel et al., 2005) .
Similar to observations of ANME-1 cells in other sites such as Lake Plubsee and deep marine methane-seep sites off the coast of Oregon and California (Orphan et al., 2002; Eller et al., 2005; Knittel et al., 2005) , archaeal and ANME-1 cells within LH sediment were not closely associated to other cells as documented by complementing both CARD-FISH and DAPI microscopy. As previously hypothesized, these results may indicate that these cells undertake the entire AMO process, including sulfate reduction, that is, uncoupled to SRB (Orphan et al., 2002; Strous and Jetten, 2004) . Moreover, no signs of the putative AOM-associated syntrophic SRB group were detected in LH sediment, evidenced by the lack of both SRB-related phylotypes in the bacterial 16S rRNA gene library and the lack of observation of the typical ANME/ bacterial consortia morphologies by microscopic examination. However, Archaeoglobales-related signatures were obtained; Archaeoglobales are the only sulfate-reducing archaea known (Gaasterland, 1999) . Therefore, these organisms may undertake AOM SRB-coupled activity in these environments, although inferences of metabolism determined by 16S rRNA gene phylogenies alone must be taken with some degree of caution. The presence of ANME cells in LH does not seem unlikely as optimal conditions for AOM metabolism exist within LH comprising of anoxic sediment with high concentrations of both sulfate and methane. There is only one report of ANME signatures in a terrestrial environment, a temperate (12 1C) Romanian mud volcano, although, unlike LH, ANME-2 were the dominant phylotype (Alain et al., 2006) .
DNA is highly stable at high ionic concentrations, low temperatures and anoxic environmental conditions for extremely long periods of time (Inagaki et al., 2005) . By analogy, LH may be a suitable environment for cryo-preservation of ancient DNA. Although this study has not proven that the 16S rRNA genes recovered from LH are part of an in situ active microbial community per se, both LIVE/ DEAD and CARD-FISH microbial staining showed relatively high numbers of 'live' cells with the sediment of LH, that is, cells with intact cell membranes, and LH isolates were capable of growth at subzero temperatures and high salinities. We previously detected low heterotrophic microbial activities at subzero temperatures (À5 and À10 1C) within LH sediment (Steven et al., 2007b) . However, it is difficult to discern if the archaeal phylotypes detected in LH are active or dormant under in situ conditions. Ongoing experiments including AOM activity assays using 14 CH 4 are being undertaken to prove whether the ANME population is capable of oxidizing methane under ambient in situ conditions. Future work will also involve metagenomic analyses of the WGA DNA from LH sediment to investigate core metabolisms and provide insights of traits required for microbial life in this extreme hypersaline cryo-environment.
In conclusion, this multifaceted study characterized the microbial and geochemical components of LH and indicates that a viable microbial community may exist in this hypersaline, subzero environment. The LH site also provides an example of how a methane seep can form in thick extensive permafrost and provides a mechanism that could possibly be contributing to methane plumes on Mars (Mumma et al., 2009) . The methane, regardless of origin, could behave as energy and carbon source for sustaining microbial life by AOM metabolism similar to the ANME-1 archaea that inhabit the very cold, salty LH sediments. Although methanogens have long been considered as prime candidates for possible microbial life on Mars, these results show how AOM microorganisms could also exist in analogous Martian environments.
